Direct-acting antivirals (DAAs) targeting the non-structural 5A (NS5A) protein of the hepatitis C virus (HCV) are crucial drugs that have shown exceptional clinical success in patients. However, their mode of action (MoA) remains unclear, and drugresistant HCV strains are rapidly emerging. It is critical to characterize the behaviour of the NS5A protein in solution, which can facilitate the development of new classes of inhibitors or improve the efficacy of the currently available DAAs. Using biophysical methods, including dynamic light scattering, size exclusion chromatography and chemical cross-linking experiments, we showed that the NS5A domain 1 from genotypes 1b and 1a of the HCV intrinsically self-associated and existed as a heterogeneous mixture in solution. Interestingly, the NS5A domain 1 from genotypes 1b and 1a exhibited different dynamic equilibria of monomers to higher-order structures. Using small-angle X-ray scattering, we studied the structural dynamics of the various states of the NS5A domain 1 in solution. We also tested the effect of daclatasvir (DCV), the most prominent DAA, on self-association of the wild and DCV-resistant mutant (Y93H) NS5A domain 1 proteins, and demonstrated that DCV induced the formation of large and irreversible protein aggregates that eventually precipitated out. This study highlights the conformational variability of the NS5A domain 1 of HCV, which may be an intrinsic structural behaviour of the HCV NS5A domain 1 in solution.
INTRODUCTION
The hepatitis C virus (HCV) is a positive-sense RNA virus, belongs to the Flaviviridae family and affects nearly 2-3 % of the world's population [1] . HCV infection causes chronic hepatitis C (CHC) in 75 % of infected individuals, and CHC can develop into liver steatosis, hepatocellular carcinoma or cirrhosis over the long term [2] . Until 2014, the combination of interferon-a (IFN-a) and ribavirin was the most common treatment for HCV infections, but was associated with severe side effects and poorly sustained virologic response rates [3] . However, newly discovered drugs that directly target HCV proteins, henceforth called direct-acting antivirals (DAAs), have dramatically changed the landscape of treatment regimens over the last three years [4] . These DAAs are highly efficient and are classified by their therapeutic targets, such as protease inhibitors, nucleoside polymerase inhibitors, non-nucleoside polymerase inhibitors and NS5A inhibitors [5, 6] . To date, the NS5A inhibitors, DCV-and DCV-like compounds, have become essential components of IFN-free treatments [7] and they have shown promise in the elimination of HCV infections worldwide [8] .
NS5A protein is a membrane-associated multi-functional phosphoprotein [9, 10] that contains three domains separated by two low-complexity sequences [11] . Due to its potential function(s) in the IFN signalling pathway, NS5A protein became popular as a therapeutic target [12] . Recently, it has attracted broad research interest because the current HCV inhibitors have been found to be targeting NS5A [13] , though the mode(s) of action (MoA) of NS5A inhibitors are unclear [14] . NS5A is an active player in the replication machinery of HCV, with no known enzymatic function [15, 16] . Moreover, it has other roles in cellular processes, from innate immunity to dysregulated cell growth and assembly of viral particles [17] [18] [19] . NS5A protein mediates its multiple functions through interactions with viral and host cell proteins (~130 interactors) [14, 20] .
The structure of the N-terminus region of NS5A has been determined, by nuclear magnetic resonance spectroscopy, to be an amphipathic helix (AH) and has been shown to be essential for genome replication in addition to membrane association [21] . X-ray crystallography of the domain 1 of NS5A lacking an AH peptide revealed that NS5A domain 1 has an ordered structure and can form dimers and tetramers. The monomer structures of NS5A domain 1 are virtually the same in all structures and contain two subdomains. However, domains 2 [22] and 3 [23] have been reported to be largely unstructured.
The first crystal structure of NS5A domain 1 from genotype 1b, which was determined more than 10 years ago [24] , shows that this domain has an asymmetric dimer structure, also known as a 'clam-like dimer', that is maintained by disulfide bonds. This structure accommodates a wide groove, which has been proposed to be the RNA-binding region. The second crystal structure of NS5A domain 1 from genotype 1b exhibits an alternative dimer structure of two parallel monomers [25] . A recent study has found two alternative dimers of NS5A domain 1 from the genotype 1a of HCV that can form a tetrameric structure [26] . Over the past decade, protein structural studies of NS5A domain 1 lacking an AH peptide region have revealed different dimeric forms of the protein, and this has provided structural insights that resulted in several models of the structure of membrane/DAA/RNA-associated NS5A domain 1 dimers [27] [28] [29] . Although these crystal structures show the existence of these dimers, there is limited biochemical evidence regarding their formation in solution [30, 31] . It is also still unknown how, and in which conformation(s), NS5A protein carries out its function(s). Currently, the biological relevance of the dimerization of NS5A protein is under debate [14] .
We performed a comprehensive study of NS5A domain 1 and focused on comparing its differences between genotypes 1b and 1a. By combining a variety of biophysical characterization tools, such as size-exclusion chromatography (SEC), dynamic light scattering (DLS) and cross-linking assays, in combination with small-angle X-ray scattering (SAXS), we carried out a systematic study of the behaviour of NS5A domain 1 in solution. The use of these complementary techniques provided valuable insights regarding the structural variability of the protein and also allowed us to investigate the interactions of NS5A with daclatasvir (DCV).
RESULTS
NS5A domain 1 from genotype 1b of HCV selfassociated in solution and formed reversible, higher-order oligomers We first expressed the small ubiquitin-like modifier (SUMO)-tagged NS5A domain 1 protein lacking AH, His-SUMO-NS5A ) (genotype 1b, Con1). We subsequently cleaved the His-SUMO-tag with SUMO protease and obtained NS5A from the genotype 1b of HCV (referred to as NS5A-D1-g1b) for further experiments. Our gel filtration and SDS-PAGE results indicated that the protein was mostly in a monomeric state (~19 kDa) and a highly pure form ( Fig. 1a ).
Previous structural studies on NS5A domain 1 of genotypes 1a and 1b showed that the protein might form different dimers [24] [25] [26] . To better understand its structural characteristics, we analysed NS5A-D1-g1b by DLS to assess the size distribution profile of the purified protein. The monomer fractions of NS5A-D1-g1b (the shaded area in Fig. 1a ) were collected and concentrated to~2.5 mg ml À1 and then followed by DLS analysis. Our data revealed a bimodal distribution of two peaks with maxima of~150 and~2550 Å (Fig. 1b) . The DLS data shown in Fig. 1 (b) are based on intensity-averaged size distribution. The intensity of scattered light was proportional to the sixth power of the particle diameter [32] , and the intensity of smaller particles (peak-1:~150 Å) was more than twofold higher than that of larger particles (peak 2:~2550 Å), indicating that the smaller particles were more populated than the larger. The smaller particles should have corresponded to monomers and dimers. However, we also noted that peak 1 was quite broad and covered a range of up to 500 Å, which might have also included higher-order structures or small aggregates.
The DLS results indicated that the purified NS5A-D1-g1b was heterogeneous and self-associated in solution. Thus, we further investigated the self-association behaviour of the protein using SEC. We pooled and concentrated the fractions corresponding to monomer sizes at varying concentrations and reloaded the same column. We observed a clear shift toward smaller elution volumes at different concentrations, ranging from 58 to 268 µM ( Fig. 1c ), which suggested that the monomers associated to form higher-order structures. In self-associating systems, single peaks can appear if the dissociation constant, k d , is <1 µM (single oligomer peak) or >1 mM (single monomer peak) [33] . However, an intermediate k d value would cause a broad tail toward smaller elution volumes due to the diffusion and dispersion of the sample peak, which was similar to what we observed ( Fig. 1c ). After demonstrating that NS5A-D1-g1b formed oligomers at higher concentrations, we next examined whether these oligomers were reversible. To address this question, the size corresponding to the higher-order forms of the proteins was eluted after 10.5 ml (indicated by a red box in Fig. 1c ), and the volumes were collected and injected into the SEC again. The elution profile of the higher-order molecules (Fig. 1d ) demonstrated that they dissociated to smaller sizes, which confirmed that higher-order structures were not irreversible aggregates. We also examined the effect of concentration on the self-association behaviour of the proteins. Proteins (~500 µg) at concentrations in the range 51-164 µM were reloaded into the same column. The intensities of the absorbance spectra of the monomer significantly decreased, while those of higher-order oligomers slightly increased as protein concentration increased ( Fig. S1a , available in the online version of this article). To better analyse the data, we normalized all absorbance spectra by the peak maxima of the monomer region for each concentration (Fig. 1e ). The normalized SEC profiles of the proteins suggested that as the concentration of the protein increased, the equilibrium shifted toward the higher-order states of the protein. The SEC experiment provided an additional insight regarding the self-association behaviour of the protein: the dimeric forms were almost undetectable, even though all the available crystal structures were dimeric.
We further examined the molecular characteristics of the protein by conducting a chemical cross-linking experiment. The fractions corresponding to the monomer size were again collected and concentrated. The fractions were then cross-linked by their cysteine residues using 1,6-bis(maleimido)hexane (BMH). BMH has an arm length of 13.0 Å; Fig. S2a shows the cysteine residues on the dimer, and distances less than 13.0 Å between two cysteines are indicated. We aimed to load the same amount of (~15 µg) cross-linked samples at different concentrations (ranging from 40 to 164 µM) on a 10 % SDS-PAGE followed by Coomassie blue staining ( Fig. 1f) . Chemical cross-linking of the NS5A-D1-g1b resulted in monomers, dimers and higher-order oligomers. Interestingly, the dimers were an abundant species on the chemically cross-linked proteins whereas the monomer and higher-order bands were very faint.
Distinct oligomeric structures of NS5A-D1-g1b appeared in the form of repeating units of dimers To investigate the structural features of NS5A-D1-g1b in solution, we performed SAXS measurements of the protein at two different concentrations, 2.5 and 3.7 mg ml À1 ( Fig. 2a ). SAXS analysis of a protein in solution provides information about the size [radius of gyration (R g ) and the maximum particle dimension (D max )], low-resolution shape, conformation and assembly state. In the scattering curve, the size and shape information are at low angles (the Guinier region) and the surface-to-volume ratio is at higher angles (Porod region). The Guinier plots of NS5A-D1-g1b at low angles appeared linear and confirmed good data quality with no indication of protein aggregation ( Fig. 2a , inset). The R g -values derived from the Guinier region were determined to be 37.55±1.35 and 46.10±1.41 Å at 2.5 and 3.7 mg ml À1 , respectively ( Table 1 ). The extended scattering curve is converted using indirect Fourier transform to provide the distance distribution function [P(r)], which is a histogram of distances between all possible pairs of atoms within a particle. The P(r) of NS5A-D1-g1b showed a single peak and had a right-skewed distribution (Fig. 2b ) with a D max of 127±10 and 145±10 Å at 2.5 and 3.7 mg ml À1 , respectively, indicating that NS5A-D1-g1b has an elongated structure in solution. The R g -values extracted from the P(r) function were 39.38±0.48 and 46.80±0.34 Å at 2.5 and 3.7 mg ml À1 , respectively, and were in agreement with the R g -values extracted from the Guinier region within the error range ( Table 1 ). The scattering curve is transformed to a normalized Kratky plot [(qR g ) 2 (I(q)/I(0)) vs qR g ], which provides information about the potential flexible behaviour and/or extended shape of the examined particle [34] . For a well-folded globular protein such as a lysozyme, the plot will show a defined bell curve profile as seen in Fig. 2 (c). By comparison, the normalized Kratky plot of NS5A-D1-g1b exhibited a very broad bell-shaped profile, and its peak was shifted well toward the right with respect to standard globular proteins, indicating the presence of motion and/or having being extended. Based on the volumes extracted from the higher angle of the scattering data, the Porod, the excluded volumes and the volume of correlation, the molecular mass of the NS5A-D1-g1b was calculated to be around 65 kDa at a concentration of 2.5 mg ml À1 and around 100 kDa at a concentration of 3.7 mg ml À1 in solution. The increase in R g and D max values, as well as the molecular mass, indicated that as the solute concentration increased the particle size increased in solution, suggesting the formation of higher-order oligomers. A theoretical scattering curve computed using CRYSOL [35] for the two different crystal structure dimers from the genotype 1b, the 'clamlike' dimer (Protein Data Bank (PDB) ID: 1zh1, Fig. S3a ) and 'back-to-back' dimer (PDB ID: 3fqq; Fig. S3b ), had a poor fit to the experimental scattering data with a discrepancy ( 2 ) of 4 (the similarity of experimental data and the dimer model was rejected based on the correlation map test [36] for n=957, C=136, P<10 À6 ) at a concentration of 2.5 mg ml À1 . Neither the monomer nor the tetramer (generated based on symmetry-related molecules in the crystal structure dimer) fit the data [ 2 = 8.7 (P<10 À6 with C=218) for monomer and 1.5 (P<10 À6 with C=96) for tetramer for the 2.5 mg ml À1 concentration data)] The higher-order oligomers generated using the 'clam-like' dimer (PDB ID: 1zh1) had a better fit to the experimental scattering data than those generated using the 'back-to-back' dimer (PDB ID: 3fqq). Because no single oligomer population fitted the experimental data, a mixture of oligomers was considered for further analysis of the scattering data for NS5A-D1-g1b. The results from the SEC studies also exhibited a polydisperse population in solution. The OLIGOMER program [37] was used; this program fits the experimental scattering intensities from a multi-component mixture of proteins and estimates the volume fractions of each independent scattering component in the solution. The analysis revealed that NS5A-D1-g1b had a population mixture composed of monomers, hexamers and decamers, with a volume fraction of 61 : 18 : 21 at 2.5 mg ml À1 of protein and 41 : 17 : 42 at 3.7 mg ml À1 of protein. It also agreed with the experimental scattering data ( 2 value of 0.5; Fig. 2d ). A correlation map assessment test [36] revealed that the similarity of experimental data and the oligomer population mixture model could not be rejected (n=571, C=11, P=0.2411 for 2.5 mg ml À1 and C=12, P=0.1283 for 3.7 mg ml À1 ). The OLIGO-MER program [37] analysis also suggested that the higherorder oligomer ratio increased as the protein concentration increased, which agreed with the SEC data discussed above. Two possible explanations can be derived from these findings. First, the larger particles observed in the DLS and SEC analyses were indeed higher-order structures rather than irregular aggregates. These higher-order structures were formed by dimeric subunits of NS5A-D1-g1b. Second, the dimeric form was virtually absent in the free form in solution, suggesting that the NS5A-D1-g1b monomers formed dimers. These dimers did not remain free in solution for very long and were not converted to higher-order structures. One possible reason for the abundance of dimers in the BMH cross-linking assay is due to the looseness of the higher-order structures. Another explanation is that BMH, the cross-linking agent we used, might be failing to covalently link the higher-order structures although it was successful in doing so for dimers. Therefore, it is thought that the higher-order forms are unstable and dissociated during the crosslinking experiments while their subunits, dimers, became highly stable through successful crosslinking ( Fig. 1f ). We have employed other cross-linking (green) and 3.7 mg ml À1 (forest green). Inset: the Guinier plots show linearity at all concentrations used, indicating no aggregation. The scattering profiles were offset for clarity by applying arbitrary scale factors. (b) Overlapping of the pair-distance distribution function P(r) at concentrations of 2.5 mg ml À1 (-; green) and 3.7 mg ml À1 (-; forest green) show differences in the profile. (c) The normalized Kratky plot of NS5A-D1-g1b at concentrations of 2.5 mg ml À1 (.; green) and 3.7 mg ml À1 (.; forest green) was compared to the compact globular lysozyme (.; grey) with a peak (---; grey), representing the theoretical peak and assuming an ideal Guinier region of a globular particle. The scattering pattern of NS5A-D1-g1b exhibited a broad, bell-shaped profile shifted toward the right with respect to the standard globular proteins, indicating the presence of motion and/or an extended nature of the protein. (d) Theoretical scattering curve for the mixture of monomer-M, hexamer-H and decamer-D of NS5A-D1-g1b (-; red) was calculated using the OLIGOMER program and was fitted to the experimental scattering pattern at concentrations of 2.5 mg ml À1 ( ○ ; green) and 3.7 mg ml À1 ( ○ ; forest green), with a 2 -value of 0.5. agents, DSP [dithiobis(succinimidyl propionate)], a lysine cross-linker, and glutaraldehyde. However, these agents also failed to cross-link the higher-order forms (Fig. S4a, b ). Taken together, our results suggest that the higher-order oligomers are highly dynamic and transient in nature.
Self-association behaviour of NS5A domain 1 from genotype 1a of HCV was different from that from genotype 1b We characterized NS5A domain 1 from genotype 1a in the same way as NS5A-D1-g1b by using SEC, DLS, chemical cross-linking and SAXS methods. NS5A-D1-g1a was purified using the same method as NS5A-D1-g1b. The SEC elution profile and its corresponding SDS-PAGE analysis for NS5A-D1-g1a are shown in Fig. 3(a) . The fractions corresponding to the monomer state of the protein were collected and concentrated to 2.5 mg ml À1 for DLS analysis in SEC buffer. DLS measurements of purified NS5A-D1-g1a revealed a bimodal size distribution with peak maxima at around 100 and 1650 Å, as shown in Fig. 3 (b). Although the particle sizes of NS5A-D1-g1b and NS5A-D1-g1a were not same, the smaller particles again dominated the NS5A-D1-g1a samples. To further investigate the self-association behaviour of NS5A-D1-g1a, we reloaded the monomeric protein into the SEC after collecting and concentrating it to different concentrations: 52, 109 and 176 µM. In this experiment, we again aimed to load the same amount of protein,~500 µg. Fig. 3(c) shows the normalized SEC profiles of the protein at different concentrations (see Fig. S5a for the representation of raw data.). The SEC data suggested that the exchange rates between different conformations were significantly different for NS5A-D1-g1a and NS5A-D1-g1b. While higher-order structures were clearly observed in the SEC profile of NS5A-D1-g1b, such forms were almost undetectable for NS5A-D1-g1a. The overlapping SEC profiles shown in Fig. S5b highlight these differences between NS5A-D1-g1b and NS5A-D1-g1a. This crucial finding was surprising because the protein sequences were highly similar, with a similarity ratio of around 91 % (Fig. S6 ).
We also performed BMH cross-linking experiments for NS5A-D1-g1a, as for NS5A-D1-g1b ( Fig. 1f ), which showed that the ratio of bands (monomer/dimer) was higher than that observed with cross-linking SDS-PAGE for NS5A-D1-g1b ( Fig. 3d ).
Low-resolution solution structure of NS5A-D1-g1a revealed a dimeric state SAXS studies of the NS5A-D1-g1a of HCV were performed at two concentrations, 2.5 and 3.0 mg ml À1 (Fig. 4a ). The SAXS patterns were of good quality and the Guinier plots at low angles appeared linear (Fig. 4a, inset) , with derived R gvalues of 29.51±1.11 and 29.55±0.98 Å for concentrations of 2.5 and 3.0 mg ml À1 , respectively ( Table 1 ). The P(r) function was similar for both concentrations and showed a single peak that was right-skewed ( Fig. 4b) , with a D max of 106 ±6 Å ( Table 1) , demonstrating that NS5A-D1-g1a was elongated. The normalized Kratky plot of NS5A-D1-g1a had a broad, bell-shaped profile, demonstrating that it was extended and less rigid in solution (Fig. 4c ). The calculated monomeric molecular mass from sequence is about 19 kDa. The molecular mass was determined based on the Porod and excluded volumes, and volume of correlation confirmed the existence of NS5A-D1-g1a as a dimer in solution at the concentration used ( Table 1 ).
The crystal structure of NS5A domain 1 from genotype 1a (PDB ID: 4cl1) contained four molecules in the asymmetric unit, forming two types of dimer. In 'dimer 1' the monomers were arranged in an anti-parallel head-to-tail configuration, and in 'dimer 2' they formed an N-terminal head-to-head configuration ( Fig. S3c and d) . A theoretical scattering curve computed using CRYSOL [35] for both dimers had a fit to the experimental scattering curve of 2 =0.82 for dimer 1 and 0.46 for dimer 2 for data at a concentration of 2.5 mg ml À1 ( 2 = 1.13 for dimer 1 and 0.55 for dimer 2 at 3.0 mg ml À1 ; Fig. 4d ). The correlation map assessment test [36] of the rigid model fit suggests that the experimental data and dimer 2 are similar (n=957, C=15, P=0.1159 for 2.5 mg ml À1 and C=19, P=0.0545 for 3.0 mg ml À1 ). However, for dimer 1 the hypothesis being similar is rejected with n=957, C=40, P<10 À6 for 2.5 mg ml À1 and C=85, P<10 À6 for 3.0 mg ml À1 . The experimental data were in good agreement with the dimer 2 curve, suggesting the presence of an N-terminal head-to-head dimers in solution. The low-resolution shapes of NS5A-D1-g1a were reconstructed ab initio using DAM-MIF [38] . The final averaged and filtered model with a normalized spatial discrepancy of 0.56±0.04 is shown in Fig. 4e . The NS5A-D1-g1a solution model showed an elongated conformation and superimposed well onto the crystallographic structure of dimer 2 (Fig. 4e ). The unoccupied density in the bead model around one of the monomers (represented by the arrow in Fig. 4e ) suggested that the monomers had a highly dynamic behaviour and were in rapid motion in solution due to the lower interface area (311 Å 2 ) of the dimer. SAXS analysis of NS5A-D1-g1a confirmed the presence of an N-terminal head-to head-dimer structure in solution.
Effect of the DCV on the oligomeric state of NS5A-D1
Neither the full-length NS5A protein nor NS5A domain 1 have an enzymatic function that can be tested in vitro [39, 40] . However, domain 1 is known to be targeted by NS5A inhibitors [13, 31] . Bristol-Myers Squibb Company has identified the drug daclatasvir (BMS-790052, DCV) for the first time through a high-throughput screening of compounds using HCV replicons [13] . Sequence analysis of the resistant replicons revealed that major resistance-associated mutations are clustered in the N-terminal region of NS5A that comprises several amino acid substitutions in AH and domain 1 [41, 42] . To test whether the oligomeric state of NS5A-D1-g1b could be altered in the presence of DCV, we first performed DLS studies in the presence of DCV (Fig. 5a ). The DLS profile of DCV-treated protein showed the existence of relatively large particles. SAXS patterns were collected in the presence of varying concentrations of DCV (Fig. S7a) . The low-angle scattering profile of the protein with DCV ( Figs S7b and 5b) showed an increase in signal intensity at low angles, suggesting the formation of aggregates. Taken together, our observations suggest that DCV triggered the formation of irregular protein aggregates, which is consistent with an apparent shift to larger sizes in the DLS profile. To test whether these aggregates were reversible or not, we performed SEC analysis on the DCV-treated protein (NS5A-D1-g1b treated with DCV). As seen in Fig. S7c , no signal appeared to be attributable to the monomeric size of proteins, indicating that protein aggregates did not dissociate and enter the column. Therefore, we concluded that these DCV-treated protein aggregates are irreversible in nature once formed. This observation suggests a physicochemical basis for the unusual potency and extraordinary specificity of the drug DCV.
Previous studies showed that DCV could inhibit HCV replication at 50% maximal effective concentration (EC 50 ) values of 4 and 20 pM for genotypes 1b and 1a, respectively [41, 43] . To further elaborate on this behaviour and determine whether it applies to the other genotype as well, we performed DLS studies on DCV-treated NS5A-D1-g1a. As shown in Fig. 6a , NS5A-D1-g1a also formed irreversible protein aggregates following DCV treatment.
Among the clinically relevant NS5A mutations causing DCV resistance, those most frequently observed appeared at residues 28, 30, 31 and 93 for genotype 1a, and 31 and 93 for genotype 1b [44, 45] . Therefore, the common mutation sites, i.e. 31 and 93, are suitable for initial testing. As our constructs span residues 36 to 198 we studied Y93H substitution, which is a prominent and well-characterized resistance mutation. In this control experiment, we purified Y93H NS5A-D1-g1b and -g1a to determine whether this mutation would impact the effect of DCV on the purified proteins. DLS studies of these two proteins (Y93H NS5A-D1-g1b and Y93H NS5A-D1-g1a) with and without DCV are shown in Fig. 6(b, c) , respectively. Under our experimental conditions, we could not discern the expected differences of DCV on the wild and resistant types, as we observed similar shifts towards larger sizes only that resulted in irreversible aggregates. However, as in the overlaid DLS profiles shown in Fig. 6(d) , proteins with single point mutations interestingly exhibited larger sizes compared to their wild-type states. We should note that sample Y93H NS5A-D1-g1a was very unstable at high concentrations, and we were unable to use a concentration of more than 1.5 mg ml À1 . Therefore, we performed DLS studies at 1 mg ml À1 (the remaining samples were at 2 mg ml À1 ). In an earlier study by Fridell et al., Y93H replicons exhibited 1600-and 12-fold increases in EC 50 values for genotypes 1a filtered envelope (grey) from 20 independent ab initio reconstructions using DAMMIF were superimposed onto a cartoon representation of the crystallographic dimer 2 structure of NS5A-D1-g1a (PDB ID: 4cl1). The two subunits of the dimer are coloured green and cyan. The red arrow indicates unoccupied density in the solution shape.
and 1b, respectively [41, 42] . It is worthwhile to note that DCV still maintains its efficacy against Y93H replicons at higher dosages, e.g. 32 and~0.05 nM for g1a and g1b, respectively. Similarly, Berger et al. recently showed that Y93H resistance mutation exhibited a slight reduction (~30 %) in the binding of NS5A to the biotinylated derivative of DCV in Huh7 cells [46] . Thus, previous studies collectively indicate that DCV also affects mutated NS5A. So, to observe the significance of the resistance effect, multiple point mutations might be required. Moreover, we should mention that as we have studied the domain I of NS5A lacking AH and post-translational modifications, our observations may not fully reflect the behaviour of physiologically relevant NS5A. Furthermore, given that DCV affects both wild and resistant types, it is perhaps a challenge to observe the difference quantitatively with the biophysical characterizations e.g. DLS and SAXS.
DISCUSSION
Over the past decade, crystallization studies of NS5A domain 1 from genotypes 1a and 1b of HCV have resulted in different conformations of homodimers and revealed an identical monomer fold [24] [25] [26] . However, much remains unknown about how NS5A protein exists in solution, how it carries out its multiple functions and which conformation (s) of NS5A is/are targeted by NS5A inhibitors.
We aimed to investigate the behaviour of NS5A domain 1 in solution. We demonstrated that NS5A-D1-g1b had an intrinsic behaviour of oligomerization in solution and it existed in an equilibrium of monomer, transient dimer and higher-order structures. Our SAXS study confirmed that the larger particles observed in DLS and SEC analyses were elongated and ordered structures rather than irregular aggregates. Despite the fact that there was some inconsistency, our analyses agreed with previous work [25] that demonstrated a model of the multimeric state of NS5A domain 1 (genotype 1b). This theoretically assembled model contained both dimer conformations (PDB ID: 1zh1 and 3fqq) and formed a superhelical array. Our solution scattering data of NS5A-D1-g1b suggested a mixture of population for monomer, hexamer and decamer as illustrated in Fig. 7(a) . Since the dimer population is not present, it was not possible to extract the dimer density from SAXS data. However, we generated the higher-order oligomers from symmetry-related molecules from dimers (PDB ID: 1zh1 and 3fqq). Since the higher-order oligomers of 'clam-like' dimer (1zh1) had a better fit to the SAXS data than the other 'back-to-back' dimer (PDB ID: 3fqq), our SAXS model suggested that the higher-order structures of NS5A-D1-g1b were formed of dimers of the crystal structure, 1zh1, and also had an elongated helical shape. Based on our findings, we propose that the monomers of NS5A-D1-g1b formed dimers in solution and that these dimers were transient and turned into higher-order structures.
We also showed that NS5A-D1-g1a existed as a heterogeneous mixture. However, using DLS and SEC, we observed that the size distribution of NS5A-D1-g1a was significantly different from that of NS5A-D1-g1b. The monomers of NS5A-D1-g1a remained in a different equilibrium of smaller molecules, as shown in Fig. 3c . In the case of NS5A-D1-g1b, the monomers can form higher-order structures (eluted at 12-14 ml), as seen in Fig. 1e . Our SAXS model of the NS5A-D1-g1a confirmed the existence of the N-terminal head-to-head dimeric conformation of the crystal structure, 4cl1, which we named dimer 2 (Fig. 4e ). In our experiments, we did not observe any higher-order structures for the NS5A-D1-g1a protein in solution. Changing the buffer conditions or increasing the concentration of the protein might reveal some tetramers of NS5A-D1-g1a. However, under the same conditions (purification protocol, buffers, concentration, etc.), the proteins NS5A-D1-g1b and NS5A-D1-g1a exhibited different conformations as illustrated in Fig. 7(a, b) . Current knowledge regarding the MoA of NS5A inhibitors points to disruption of the membranous replication complex [46] . However, at the molecular level, our understanding remains limited. After the multimer model of NS5A had been proposed [25] , the model became very popular in explaining the extraordinary MoA of the NS5A inhibitors.
A recent study estimated that there was one DCV molecule for every 47 000 NS5A proteins in cells, and it suggested that a small molecule could have a profound effect on a large number of NS5A molecules [47] . By utilizing the multimeric model of NS5A, an allosteric regulation model for the MoA of the DCV was proposed in which a single DCV bound to NS5A could disturb communication between the NS5A molecules, inhibiting the formation of the replication complex. As we observed the self-association of the NS5A domain 1, we tested the effect of DCV on the selfassociation behaviour of the protein. However, our analyses from both DLS and SAXS studies revealed the formation of irreversible protein aggregates in response to the DCV for both wild-and DCV-resistant type protein with a 1 : 1 ratio of drug to protein concentrations. Moreover, given that DCV causes aggregation of both types, it is perhaps a challenge to observe the difference quantitatively with biophysical characterizations, such as DLS and SAXS. Therefore, the formation of irreversible protein aggregates should be interpreted with caution, and it is plausible that a number of limitations might have influenced our results. First, given that our findings are based on biophysical observations on the isolated part of NS5A, the effect of DCV on the protein may not completely reflect the physiologically relevant MoA of the drug. Thus, it cannot be excluded that irreversible aggregation of the protein could be an artefact of the high drug ratio, as it does not represent in vivo conditions. The multimers of NS5A in cell culture were detected by fluorescent tags covalently attached to NS5A, and the formation of larger foci of NS5A in the presence of NS5A inhibitors has been reported [48] . It has also been reported that aggregate formation of NS5A is concurrently observed with replicase [49] . These earlier studies prompted us to test DCV using isolated NS5A domain 1 with conformational versatility, which could provide insightful information into the inhibitory mechanism of direct-acting antivirals.
In conclusion, this study provided insightful information about the intrinsic structural dynamics of HCV NS5A domain 1 in solution. Our data suggest the significance of the contributions of protein sequences to the alternative conformational states we observed in NS5A-D1-g1a and NS5A-D1-g1b. The dynamic behaviours and conformational variability could be considered as key features of how proteins regulate their biological processes [50] . Adaptability of the protein structure and its conformational motions have generated much interest because of their critical roles in determining molecular functions in response to external stimuli [51] . Conformational variations of NS5A might add another layer of structural dynamics and contribute to its functional versatility.
METHODS

Cloning, expression and purification of recombinant proteins
Two different NS5A domain 1 constructs were used in this study. They lacked AH and comprised residues 36 to 198. One was from the H77 strain of HCV (genotype 1a) and
another from the isolate Con1 (genotype 1b). Primers were designed to encode (Asp) 4 -Lys residues, the enterokinase recognition sequence, which was reported to enhance the solubility of the NS5A domain 1 [24, 25] . The amplified cDNA fragments encoding NS5A domain 1 were cloned into pETSUMO vector (LifeSensors, USA). The resulting recombinant plasmids were transformed into E. coli Rosetta (DE3) cells (Novagen, USA). Cells were grown at 37 C to an absorbance at 600 nm of~0. 
BMH chemical cross-linking experiment
Varying concentrations of NS5A-D1-g1b and NS5A-D1-g1a recombinant proteins were cross-linked at cysteine residues by incubating with 1 mM BMH (Pierce) for 1 h at room temperature. The cross-linking reaction was quenched by 4 mM DTT. The cross-linked samples were analysed on 10 % SDS-PAGE.
Dynamic light scattering
The average size and polydispersity of the recombinant proteins were analysed using a Zetasizer Nano ZS instrument (Malvern Instruments, UK). Each measurement was performed by modifying the protocol given in the literature [32] , and all measurements were performed at 25 C. Approximately 50 µl of the protein samples were collected in a low-volume quartz batch cuvette (ZEN2112). The equilibration time was adjusted to 120 s in all measurements. At least 20 measurements with 15 s accumulations were recorded. The intensity-averaged hydrodynamic diameter results of a minimum of 15 data points were combined using the instrument software, DTS Version 6.7. The results are presented as diameter distributions. Daclatasvir dihydrochloride (DCV) was purchased from MedChem Express (USA).
Small-angle X-ray scattering
The SAXS data for HCV NS5A domain1 from genotypes 1b and 1a were collected with a BRUKER NANOSTAR SAXS instrument equipped with a Metal-Jet X-ray source (Excillum, Germany) and VÅNTEC 2000-detector system [52] [53] [54] . The scattering patterns were measured using a sample at a detector distance of 0.67 m and a wavelength of l=1.3414 Å, which covered a range of momentum transfer of 0.016<q<0.4 Å -1 (q=4p sin()/l, where 2 is the scattering angle). The SAXS experiments were carried out at 15 C at two different protein concentrations in 25 mM HEPES, pH 7.4, 150 mM NaCl, 10 % glycerol) with a sample volume of 40 µl in a vacuum-tight quartz capillary. To monitor for radiation damage, 10 exposures (1 min) were collected for each protein sample; no radiation effect was observed. The data were normalized to the intensity of the transmitted beam. The scattering of the buffer was subtracted, and the difference curves were scaled with protein concentration.
All data processing steps were performed using program package PRIMUS [55] from the ATSAS package version 2.7.1. The experimental data obtained for all protein samples were analysed for aggregation using the Guinier region. Forward scattering, I(0), and R g , were computed using the Guinier approximation. These parameters were also computed from the extended scattering patterns using the indirect transform package GNOM [56] , which provided the distance distribution function, P(r), the maximum particle dimension, D max and R g . Qualitative particle motion was inferred by plotting the scattering patterns in the normalized Kratky plot [(qR g ) 2 (I(q)/I(0)] vs qR g ) [34] . Ab initio low-resolution models of the proteins were built by the program DAMMIF [38] , which considers low-angle data (q<2 nm À1 ). Twenty independent ab initio reconstructions were performed for each protein and then averaged using DAMAVER [57] . The averaged and filtered ab initio model was superimposed with the atomic model using SUPCOMB [58] . Theoretical scattering curves from the atomic structures were generated and evaluated against the experimental scattering curves using CRYSOL [35] . Utilizing the intensities from each component, the volume fraction of each component can be determined by OLIGOMER [37] . The oligomeric state of the protein was confirmed from the molecular mass calculation based on I(0), Porod volume (V p ), excluded volume (V ex ) and the volume of correlation (V c ) [59, 60] . The goodness-of-fit test for the reduced 2 was calculated using the correlation map (Cor-Map) [36] as implemented in ATSAS package that computes the probability (P) of similarity between data and model. The program reports the probability of obtaining an edge length larger than C within an n-by-n correlation matrix and. if the P-value is less than a predetermined significance level (0.01), the observed difference is statistically significant [36] .
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